Abstract: Applications of photoacousticlphotothermal (PAIFT) detection to molecular spectroscopy are reviewed with special emphasis on the use of step-scan Fourier transform infrared (FT-IR) PA spectroscopy for chemical analysis and for spectral depth profiling of laminar and other heterogeneous materials, particularly by use of the phase of the PA signal. Examples are drawn from recent work in our laboratory, as well as from the work of others, as appropriate.
INTRODUCTION
Starting with the recognition in the early 1980's that the interferometer offered an ideal source for photoacoustic spectroscopy (PAS), interest and research in infrared, particularly molecular vibrational, PAS has blossomed. As in applications to electronic spectroscopy, the particular characteristics of the frequency domain photothermal effect have provided access to infrared spectra unavailable by use of other techniques (for example, strongly absorbing materials, opaque materials, samples in situ, strongly lightscattering samples). More recently, with the added availability of step-scan methods, the wide free spectral range of Fourier transform infrared (FT-IR) has been increasingly applied in conjunction with PA detection for infrared spectral depth profiling of laminar and otherwise optically heterogeneous materials.
BACKGROUND

PAPT Molecular Spectroscopy
Chemical, and particularly analytical molecular spectroscopy using photoacoustic andlor photothermal (PAIR) detection has made important contributions in the investigations of a wide variety of materials, particularly in the optical regions of the electromagnetic spectrum--1R to UV. The extraordinary sensitivity of gas phase PAIPT detection and the low detection limits and sensitivity to non-enthalpic AV non-radiative changes and time resolution capabilities of P A I R detection in liquids have helped to carve special niches for photothermal methods in these areas of molecular spectroscopy. However, it was the "rediscovery" of the photothermal effect in solids in the mid 1970's that triggered the resurgence of activity in the field in general, and it is probably true that today the majority of PAIPT work is in the area of solid state materials analysis and characterization, including both thermal and spectral applications. While undifferentiated white light and single laser line (but non-specific absorption) studies, usually directed at determination of thermal properties and imaging, have assumed a dominant position in the broader solid state PA/FT field, specific spectrochemical studies continue to find important application. This is, of course, particularly true where the special characteristics of PAIPT detection provide distinctive advantages over other analytical methods.
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The techniques of spectral differentiation coupled with PAIPT detection have included use of filters, [l] dispersive monochromators, [2] tunable lasers [3] and interferometers [4] . Because of the direct relation of PAIPT signal intensity to incident photon flux, dispersive monochromators are at a distinct disadvantage. In the infrared in particular, owing to the weakness of broadband sources and the relative insensitivity of detectors, dispersive techniques have proved virtually useless for PAIPT spectroscopy. Filters provide higher throughput and can be useful in cases where distinctive absorption features are broad (as in the UV-vis-NIR) and only rough discrimination is required. In terms of incident power, lasers are, of course, unmatched for spectral brilliance, but the limited tuning ranges available and high costs have limited their general application, although for selected problems, currently available tunable IR lasers are very promising. (Use of "tunable" C e l a s e r s has a long history in gas phase PAS.) In the future, availability of the broadband spectral brilliance of synchrotron radiation and of the broad tunability with high spectral brilliance of the free electron laser will offer exciting prospects for a wide range of molecular spectroscopy using PAlPT detection.
Interferometric Methods for PAIPT Molecular Spectroscopy
The utility of interferometric methods for PAIPT spectroscopy was demonstrated in the early 1980's. [S] The most obvious natural advantage of interferometry over dispersive techniques for P A I R detection is the relatively high optical throughput. However, a more subtle aspect of the combination is that in a conventional optical interferometer, the intensity modulation necessary to generate the (frequency domain) PAIPT signal is provided intrinsically by the "Fourier" frequencies, thus eliminating need for any other light modulation device such as a chopper. In addition, the other advantages of interferometry over dispersive methods also apply; that is, speed, wide spectral range and high spectral resolution without sacrificing throughput. These advantages have made PA detection, particularly the standard sample-gasmicrophone PAS method, a widely used technique for qualitative Fourier transform infrared (FT-IR) spectroscopy in recent years. [6] However, conventional continuous-scan, or rapid-scan, optical interferometry, as exemplified by most standard commercial FT-IR spectrometers, still has three distinct disadvantages for use with P A I R detection. All are connected to the constant velocity of the change in retardation (usually the constant velocity of the moving mirror). The problem is that the Fourier frequencies f(Hz) depend on the wavelength A(cm) (f = 2v/?., where v is the velocity of the mirror in cmls). The first consequence is that for a given velocity the PAIPT signal will become very much weaker at shorter wavelengths, effectively precluding the use of the technique in the visible, for example. The second problem restricting full application of rapid-scan FT-IR to PAS is that the dependence of f on v leads to a necessary dependence of the thermal diffusion depth pon h For example, p at 25 pm will be approximately three times as great as that at 2.5 vm since p a ~1'2. Finally, the lack of a discrete modulation frequency makes extraction of the phase of the PA signal difficult. These latter two problems are particularly significant for their effect on the use of FT-IR PAS for spectral depth profiling of heterogeneous materials.
Step-Scan FT-IR PAS
The solution of these problems, as demonstrated in 1980 by Eyring [7] and by Dkbarre, Boccara and Fournier [8] is to change the retardation incrementally, step-by-step, rather than at constant velocity. By this device the spectral multiplexing of the interferometer is removed from the time domain; there are effectively no Fourier frequencies. A single discrete modulation frequency can be used which applies to all wavelengths. Thus, not only can step-scan interferometry be applied in the UV-Vis-NIR region with reasonable signal strength (by use of a single, low-frequency modulation), but the thermal diffusion length will be constant across the whole spectrum. In addition, the use of a discrete modulation frequency (or several discrete frequencies) allows the use of lock-in amplifier or digital signal processor methods and thus easy extraction of the signal phase. This last advantage derives from the easy simultaneous recording of the in-phase I and in-quadrature Q components of the signal, and thus the elimination of the wavelength-dependent instrument phase in calculation of the PA signal phase 4. Since $(A) = tan-l[Q(h)lI(~)], the instrument phase cancels out. [9] Thus the essence of step-scan interferometry is that the retardation is changed incrementally; data are collected while the retardation is constant (or while it is oscillated about a fixed position); the multiplex, throughput and registration advantages of interferometry over dispersive techniques are all retained; and the spectral multiplexing is removed from the time domain. The resultant power of interferometry for PAIIT spectroscopy for UV-Vis-NIR measurements has not been fully exploited since the early work of Boccara imd Fournier.[ ] However, in the infrared step-scan FT-IR PAS has become a significant area of analytical spectroscopy, particularly as applied to spectral depth profiling. [lO] Although similar depth profiling measurements at shorter wavelengths are also possible, the nature of the absorption bands in the infrared (narrow, moderate intensity, distinctive of molecular structure) makes the prospects for PA spectral depth profiling intrinsically more promising in the infrared than in the NIR, visible or UV.
In the application of step-scan FT-IR to PA/PT spectroscopy, the discrete modulation frequency (or frequencies) used to generate the PA/PT signal may be created externally or internally. External modulation, or amplitude modulation (AM), can be created by a simple chopper or a polarizerlphotoelastic modulator combination. Internal modulation, also called path difference modulation or phase modulation (PM), is created by modulation of the length of one arm of the interferometer. For reasons ]minted out by Chamberlain,[ll] PM is much superior to AM for PAlPT spectroscopy. In short, PM produces the derivative of the AM interferogm.
Step-scan FT-IR instruments have been used, particularly in far-infrared and astrophysical applicat~ons for many years. However, interest in applications of step-scan methods for PAIPT spectroscopy date from 1980. [7] [8] The demonstration of the use of the helium-neon laser for optoelectronic feedback control of the position and stepping of the mirror, although originally applied to NIR-Vir; PTS, [8] 
Spectral Depth Profiling by use of StepScan FT-IR PAS
ltrhaps the single most distinctive characteristic of PAIPT detection is its capability for nondestruc1,ive depth profiling. The range of depth profile determination and the resolution of that determination depend critically on the range of modulation frequencies available. In addition to the instrumental limitations on modulation frequencies, the intrinsically low powered broadband sources available in the mid-IR dictate that modulation frequencies in excess of 1 KHz will produce poor signal to noise. In continuous-scan operation this means the use of low mirror velocities is required. In step-scan operation with phase modulation, the range is further restricted by the power available to drive the modulation at the amplitude required for the efficient modulation of the infrared wavelengths of interest. In general, with currently available instrumentation the range of depth profiling in dielectric materials is on the order of tens of micrometers, with detection extending to perhaps 100 pm in favorable cases.
While the thermal probe depth will be smaller with higher modulation frequencies since p a: f-112, the potential depth resolution should be greater for higher modulation frequencies. This is because the resolut~on of the signal phase should not depend on the modulation frequency, and as a result, the minimilm distinguishable phase difference will represent a smaller increment of depth at the higher frequency as compared to the lower. Presuming a range of modulation frequencies of 100 to 1000 Hz and thermal properties typical of non-conducting organic polymers, predicts a range of p of from 18 to 6 pm. Assuming (conservatively) that probing to a depth of 2p is possible, that this may produce a phase difference between the PA signal from a surface species and from one buried 2p below the surface of 90°, and that the phase can be reliably determined to * l", then the resolution at the higher frequency (and more shallow depth) would be 4 . 1 pm and at the lower frequency, on the order of 0.4 pm. Of course, material specific factors, such as concentration of target material, layer thickness, dipole strength of distinctive absorpion bands, and actual thermal properties, will modify these predictions.
Thus the predicted scope of depth profiling by use of FT-IR PAS is distinctly different from that of potentially competitive techniques. Although it is a surface-oriented technique, it clearly does not approach the sensitivity of high vacuum surface techniques, or even non-vacuum optical reflectionabsorption spectroscopy or attenuated total reflection (ATR) spectroscopy. However, it has the capability of non-destructively characterizing not only surface layers but also, simultaneously, sub-surface compc~nents as well, and to probe at least an order of magnitude deeper than even variable angle ATR. Its probe range is tens of micrometers and its depth resolution is on the order of 1 pm.
These characteristics of FT-IR PA spectral depth profiling make it applicable to a variety of practical characterization problems related to both continuously heterogeneous materials and discretely heterogeneous materials. These include heterogeneous materials with continuously varying composition such a s weathered, corroded and chemically modified surfaces, blooming of plasticizers and barrier diffusion problems. In the area of discretely heterogeneous materials, laminated packaging materials, painted surfaces, lubricants and other discrete surface films are obvious possibilities.
In PA spectral depth profiling two fundamental aspects of the photothermal effect and of the sample-gas-microphone technique in particular are taken advantage of: the variation of the thermal probe depth with modulation frequency and the dependence of the signal phase in heterogeneous materials on the depth of the absorber beneath the surface. In FT-IR PAS several strategies can be employed, depending on the level of information needed. As an initial test of heterogeneity, spectra can be measured at different mirror velocities (rapid-scan) or different PM frequencies (step-scan) and normalized to PA spectra of a photothermally saturated reference measured at the same frequencies. The behavior of the signals from truly thermally thin surface films is unambiguous in this test. Their normalized intensities will remain insensitive to changing frequency, while bands originating from materials in interior layers and otherwise part of the substrate, or bulk, will decrease in magnitude as the frequency increases. (Strict adherence to this prediction, of course, assumes that the surface remains thermally thin for all frequencies used and that absorption bands in the bulk chosen for comparison are not photothermally saturated.) Depth profiling beyond the initial observations obtained from varying the modulation frequency requires the use of the phase of the signal. The level of accuracy required to make this useful virtually requires the use of the step-scan mode, in which, as stated above, the instrument phase is completely canceled out. As is the case in the frequency studies, the goal is to select absorption bands for each component which are free of interference from bands in other components. The relatively narrow band widths in the infrared (even in condensed phases) and the wide spectral range available in FT-IR make this a reasonable goal. Particularly in discretely layered samples, the phase of signal at each band maximum should be distinctive for the depth of the associated layer.
In perhaps the simplest application of phase analysis to depth profiling, the Rosenscwaig-Gersho thermal piston model[l5J predicts that the phase of signals from a thermally thin weakly absorbing surface layer will differ from that of bands from a thermally thick and weakly absorbing substrate by 45". [ 
16]
This has been clearly demonstrated in several FT-IR PAS studies of laminar organic polymer materials.
[lO] Separate simultaneous direct detection of the surface and substrate signals is not possible, even with a two phase lock-in amplifier, since the signals are not arthogonal to each other. However, it is a relatively simple matter to determine the experimental phase angle at which a characteristic band associated with a particular layer is maximized and then to set the detector phase angle exactly orthogonal to that so as to effectively null that signal. While nulling signals from one of two layers is simple (provided at least one layer is thermally thin and the bands are not overlapping) and gives clean separation of the spectra of the layers, distinction of more than two layers requires more elaborate treatment. The ideal case is one of strongly absorbing, non-overlapping chromophores in discrete, thermally thin layers with a total sample thickness on the order of 10 to 50 pm.
In practice it is not necessary to record spectra at each desired phase angle. In fact, it is only necessary to record two orthogonal components of the interferogram (in a single step scan). All desired phase components can then be calculated by simple vector rotation mathematics. Standard software is available which allows easy rotation of the phase to maximize or null any desired feature in the spectrum.
An alternative approach, and one that offers the possibility of finer distinction between components in terms of depth discrimination, is to use the transforms of the recorded orthogonal components of the signal to calculate the magnitude M and relative phase $ of the spectrum:
In regions where the I and Q spectra have values significantly different from zero, that is, in the region of absorption bands in M@), $(h) will represent accurately the relative phase of the signal. In other regions (regions of vanishingly small absorption) $(h) will be essentially meaningless. At values of h where coherent values of +(h) are calculated, differences in will be specifically and predictably related to the depth of the absorbing species below the surface and to the absorption strength.
As a first approximation, it can be predicted that the phases of absorption bands associated with the same component will be clustered about a value related to the depth distribution of the component, or layer depth, with the relative phase lag associated with weaker bands being greater than that of stronger bands. If, as in the stepscan data reported in this paper, the relative phase @ can be resolved to at least f 1°, this method provides a distinctly superior depth profile than can be obtained from the spectral phase rotation method described above. In the case of laminated materials the selection of one strong band in the spectrum of each component layer which does not overlap with any absorption in the other layers should provide data in the 4 spectrum indicating clearly the order and relative spacing of the layers. At this point quantitative use of this method is best approached empirically by calibration of the relative phase against samples of known composition and structure. However, useful theoretical models would appear to be in the process of development.[l7]
EXPERIMENTAL
The FT-IR PAS data reported here have been obtained at room temperature by use of an IBMBruker IR 44 benchtop R -I R spectrometer, modified for optional step-scan operation. The intensity modulation of the IR beam is produced by path difference (phase) modulation. This also produces a phase modulation of the HeNe laser which is used in a lock-in feedback loop to control the mirror position and stepping. [l81 An MTEC Model 100 photoacoustic cell with its accompanying preamplifierlpower supply was used to obtain all spectra. Helium was used as the transfer gas in the PA cell because of its superior thermal coupling properties and to remove gaseous water and carbon dioxide. The spectrometer was purged with dry air to remove atmospheric H20 and C@. The interferograms were obtained by collecting data at intervals of one wavelength of the reference HeNe laser, to obtain single-sided interferograms of 2048 points, plus 256 phase correction points, to give 8 cm-l resolution. The in-phase (I) and quadrature (Q) interferograms were collected simultaneously and Fourier transformed after data collection was complete. From the in-phase and quadrature spectra, the magnitude, M(h) = [I(h)2 + and phase, $(h) = tan-l[Q(h)lI(h)], spectra were calculated. Alternatively, the individual vector components I and Q were used, or components at other angles were calculated as described below.
In order to obtain the instrument throughput magnitude reference and the surface phase angle reference, a 60% carbon-filled elastomer disk was used. Samples were placed in the cell on a spacer designed to give a constant cell filling factor and to act as a photothermal trap for radiation transmitted by the sample film. All spectra are presented as SIR, that is, the sample spectrum divided by the spectrum of the carbon-filled elastomer reference, as is usual in PAS. Reproducibility of the reference phase determination was found to be * 1" from trial to trial. [lO] For the phase analysis studies, the reference sample was placed in the PA cell to determine the surface reference phase of the lock-in amplifier at each phase modulation (PM) frequency to be used. The reference phase was determined by first stepping the mirror to the zero retardation point, which is the point in the interferogram that contains contributions from all wavelengths. Then the lock-in amplifier phase was rotated until all the signal was located in the quadrature channel. Once this lock-in reference phase was established, the reference was replaced by the sample and the I and Q interferograms were simultaneously recorded.
Transformation of the I and Q interferograms collected as described above gives the I and Q spectra used 6 calculate M and + spectra. In order to obtain vector components at other angles, the I, and Q interferograms were manipulated by simple vector mathematics illustrated by [eiJ(meif) = mel(J+f) = mcos(J+f) + imsin(J+f)], where eiJ is the polar representation of the phase rotation angle J and meif is the polar representation of a pair of points in the original interferograms (I and Q). Table 2 summarizes data from an experiment exactly parallel to the one reported in Figure 1 and Table 1 . In this experiment the sample was simply turned over so that the 60 pm of polypropylene was on top, that is, the sample was illuminated from the PP side and the 12.5 pm of EVAc became the "substrate". In these data the bands of the EVAc (A, B, and C) are very weak in intensity, but nevertheless detectable, occurring as they do in regions where the PP is transparent. The phase difference between the signals from (A) the strongest PP band (overlapping, but because of the thickness of the PP layer, now completely obscuring the EVAc band), and that of (B) the strongest of the EVAc bands, is -37.7" (140"). Table 3 summarizes data from an experiment similar to those reported above in which the sample is composed of three layers, 12 pm of TeflonTM on top of the adhesive and backing of a pressure sensitive tape. In these data phase differences between the saturated C-F stretching band (A), which can be taken to indicate the surface phase, and that of the C-0 stretch from the middle adhesive layer and the C-H stretch from the underlying backing, are 49.5" and 72.2". respectively. The phase of the weak TeflonTM band (B) is also observed. Figure 3 shows the magnitude and phase spectra of a sample consisting of two consecutive plasma polymer surface layers of about 1 pm thickness on a 60 pm polypropylene substrate. The phase differences between signals at 1260 cm-l (hexamethyldisilazane-based plasma polymer, HMDSiN), 1690 cm-l (cobalt tetraphenylporphyrin-based plasma polymer, CoTPP) and 1170 cm-l (polypropylene, PP) are distinct and reproducible to f 0.5'.
These data illustrate the qualitative use of the step-scan FT-IR PAS phase in spectral depth profiling of several laminar polymeric materials. The important aspects of the results to note are: (1) that the use of the vibrational spectrum (as compared to the electronic spectrum) provides narrow, distinctive and non-overlapping absorption bands for identification of components; (2) that the use of FT-IR allows the use of a wide spectral range and thus access to the complete selection of spectral bands; (3) that the step-scan mode provides easy extraction of the PA signal phase data; (4) that the phase spectra in general give better and more useful phase distinction, and thus depth distinction, than the use of the simple phase rotation method; (5) that sub-surface components in laminar materials can be detected and their spectra selected out by phase beneath overlayers much thicker than the formal thermal diffusion length in regions where surface layers are transparent; and (6) that surface layers on the order of 1 p m thick can be distinguished and their sequence determined by use of the stepscan FT-IR phase spectrum.
